This paper introduces a novel polyphase filter working at high centre frequency using multi-output current differencing transconductance amplifiers (MOCDTAs). The MOCDTA possesses characteristics of low input impedance, high output impedance, wide work frequency and linearly adjustable transconductance. The proposed filter consists of two MOCDTAs, two grounded capacitors, and no resistors. The features of low input impedance and high output impedance make it suitable for cascade. The bandwidth and centre frequency could be adjusted independently by external bias voltage V C and V Ca . The image rejection ratio (IRR) could reach 31.6 dB at the centre frequency of 114 MHz, and its bandwidth could be 11.1 MHz. Besides, the centre frequency could be tuned from 38 MHz to 150 MHz with bandwidth of 20.1 MHz. Simulation results which verify the theory are included.
INTRODUCTION
The image interference is an important problem in radio frequency (RF) receivers [1] . To suppress image, some methods have been proposed. Two famous architectures for image rejection have been introduced by Hartley [2] and Weaver [3] . In those above architectures, two separate filters are used in I-path and Q-path, respectively. Both of them are sensitive to mismatch [4, 5] . To compensate the mismatch, various calibration techniques were utilized while increasing the complexity of the circuits [6] . In low-IF receivers, the use of a single polyphase filter is better than the employ of two separate filters [7] .
The polyphase filter is an important portion in low-IF receivers. Polyphase filters, known as complex filters, are widely used for image rejection [8, 9] . In order to cascade conveniently, active polyphase filters rather than the passive polyphase filters are widely used [10] . Another advantage is that the active polyphase filter is more suitable for monolithic integration [11] .
In all kinds of implementation of the polyphase filter, cascading of the first-order polyphase filter, which could achieve high image rejection, is a simple and convenient approach. However, there is a problem that the polyphase filter based on some active components is unsuitable for high centre frequency. So, design of the firstorder polyphase filter is pivotal. Recently, many kinds of active components are utilized to design polyphase filters, such as operational amplifiers (OPAMP) [6, 12] , operational transconductance amplifiers (OTA) [13] [14] [15] [16] [17] , current mirrors [18, 19] , second generation current conveyor (CCII) [1, 10, [20] [21] [22] , current followers (CF) [23] , current feedback operational amplifiers (CFOA) [24] [25] [26] , and current differencing buffered amplifiers (CDBA) [11] . However, polyphase filters based on OPAMP have some disadvantages, such as the limited bandwidth due to the constant gain-bandwidth product and the limited slew rate. OTA-based circuits and CCII-based circuits could reduce these above disadvantages expediently [27, 28] . Nevertheless, a problem still exists in above circuits. The centre frequency of these polyphase filters based on OTAs could not be very high. The reason is that input ports of the OTA are not connected to virtual ground. Likewise, Polyphase filters based on CCIIs suffer from the same problem. Recently, CDBA is also used to realize the polyphase filter. However, CDBA does not have external bias currents, so the parameters of the filter could not be adjusted flexibly. In addition, the structure of polyphase filters using these components is some complicated. In above first-order filters, resistors, which would increase the complexity of the structure and add the source of mismatch, are needed between the two paths to increase the image rejection ratios (IRRs). These above problems limit the use of the active polyphase filter [29] .
In 2003, a new current-mode active element, called current differencing transconductance amplifier (CDTA), was introduced [30] , and designs using CDTAs have attracted more attentions [31] [32] [33] . The CDTA has high output impedance, but it has only two output ports which are not enough for multiple feedback paths of the polyphase filter, and the CDTA is likely to lose the high output impedance because of the feedback. Based on the CDTA, the MOCDTA is introduced, which adds output ports to satisfy more feedbacks without sacrificing the high output impedance. As the same as the CDTA, the MOCDTA possesses input ports of virtual ground, which could work at high frequency. Besides, instead of resistors which are between two paths in the polyphase filter based on
(c) CDBA, transconductance which could be adjusted by external bias voltage can be used to increase IRR. So, the MOCDTA is suitable for the realization of the polyphase filter for high centre frequency. In this paper, a novel active polyphase filters using MOCDTAs are presented. The proposed filter consists of two MOCDTAs, two grounded capacitors, and no resistors. Because of low input impedance and high output impedance, this filter is suitable for cascade, which could improve the image rejection.
POLYPHASE FILTER THEORY FOR IMAGE REJECTION

Realization of polyphase filter
The linear frequency transformation is used to achieve the polyphase filter. The transfer function of the low-pass filter can be written as
where ω 0 is the cut-off frequency.
The transformation of the low-pass filter is shown in Fig. 1 . Figure 1 (a) denotes the s plane and the amplitudefrequency response of the third-order low-pass filter. The poles of this filter are symmetric with the real axis or on the real axis, the response to positive frequency is the same as the one to negative frequency. Figure 1(b) shows the s plane and the amplitude-frequency response of the third-order band-pass complex filter. By shifting the poles up the imaginary axis by ω C , the low-pass response is transformed into an identical band-pass response centred at ω C . The resultant band-pass transfer function will be different for positive and negative frequencies. The transfer function of the band-pass complex filter is written as
where ω C is the centre frequency. The image rejection ratio (IRR), which was firstly introduced by Norgaard [34] , is defined as the ratio of the gain of the desired sideband to the suppression of the image sideband [35] . Using the (2), the IRR can be expressed as
and at ω = ω C
Next, we can get the realization of the first-order polyphase filter. Firstly, (2) could be rewritten as
where H r (jω) and H i (jω) are the real and imaginary parts of (2). They are written by The input complex signal f in (jω) = f inr (jω) + jf ini (jω) after passing the polyphase filter gives
Substituting (7) and (8) into (10) and (11), respectively, we can get the equations
the input and output of the I-path are f inr and f outr , and the input and output of the Q-path are f ini and f outi , respectively. So, the realization of the polyphase filter is given in Fig. 1(c) . In Fig. 1(c) , I i and Q i are the inputs which have equal amplitudes and 90-degree phase difference between the I-path and Q-path. I o and Q o are the outputs, I f and Q f are feedback signals between two paths. It is observed that that the polyphase is made up of close cross-coupling of two equal real low-pass filters.
Influence of Mismatch
When the I-path and Q-path are perfectly matched, it can achieve the best IRR. However, the mismatch of components is unavoidable. So, the cut-off frequencies ω i0 and ω q0 of I and Q path could not be equal. Besides, the constant gain ω C /ω 0 of feedbacks exist mismatch. K is defined as ω C /ω 0 , K i and K q are K with mismatch between I and Q path. With mismatch ∆ω and ∆K , the ω i0 , ω q0 , K i , and K q could be written as follows
and the transfer function with mismatch could be written as
.
Theoretical model has been operated to measure the IRR affected by the mismatch, results are shown in Fig. 2 (a) with variational values of ∆ω and ∆K . Compared with the ideal one, the simulated amplitudefrequency response with ∆ω/ω = 20 % and ∆K/2K = 30 % is shown in Fig. 2(b) . The IRR without mismatch could achieve 26.0 dB with K = 20 and ω 0 = 0.5 MHz, while the one with the mismatch is only 21.3 dB. The centre frequency also drifts by 0.65 MHz due to the mismatch.
CIRCUIT OF MOCDTA
The electrical symbol of the MOCDTA is shown in Fig. 3(a) . The MOCDTA has low-impedance currentinput ports P and N, and high output-impedance ports Z and X. The input ports can be deemed to connect to virtual ground. The MOCDTA can be characterized by the following equations
where P and N are input ports, Z and ±X are output ports, g m is the transconductance gain from port Z to port X , Ka is the current gain from port X± to port AX± and Z Z is external impedance connected to the port Z . In Fig. 3(a) , g m could be adjusted by the bias voltage V C , and Ka could be tuned by the bias voltage V Ca . The MOCDTA contains current differencing circuit and operational transconductance circuit mainly, which are shown in Fig. 3(b) and Fig. 3(c) . The detail configuration of MOCDTA is shown in Fig. 3(d) .
Current Differencing Circuit
Figure 3(b) shows the current differencing circuit (CDC). In Fig. 3(b) , there are two high speed current differencing circuits which are made up of two unity-gain current amplifiers. In the CDC, MN1-MN4, MN7-MN12, and MP0-MP3 are the low-voltage (high-swing) cascade current mirrors. The source of MN0 and MN6 are input ports which are set to be virtual-grounded with the constant IBB and VB0. MN5, MN0 and MN13, MN6 generate negative feedbacks in two input signal paths, respectively, which could make the input resistance lower.
Considering the non-ideal condition, the output current IZ could be writen as
where
where g mN X and g mP X denote the transconductance of M N X (X = 1 , 5 , 7 , 10 , 13 ) and M P X (X = 1 , 2), respectively. r o and r oB represent the output of transistors and the current sources. With the condition r oB ≫ r o , the input resistance could be given as
and the output resistance of port Z could be gotten as
(a) 
Operational Transconductance Circuit
Based on [36] , a high-speed voltage-tunable operational transconductance circuit (OTC) shown in Fig. 3(c) has been proposed. MN16-MN21 consist of the linear differencing input stage, and MN22-MN29 consist of the output stage. The relation between I 1 − I 2 and V Z could be gotten as
where Gm = µ n C ox W/L . According above equation, g m could be adjusted linearly by external controlling voltage V C . According to [37] , µ n and V T H are affected by the temperature. When temperature increases, µ n and V T H could increase, which means Gm and V T H will increase. It would make transconductance of OTC remain unchanged nearly with variational temperature. The output stage of OTC is the low-voltage cascade current mirror which could achieve high output impedance, and the output resistance R X could be written by R X ≈ g mN 29,28 r oN 29,28 r oN 27,26 .
MOCDTA configuration
The MOCDTA is made up of three principal building blocks which are current differencing circuit, operational transconductance circuit, and current gain circuit. The MOCDTA realize current differencing function and current gain function, and has lower input resistance and higher output resistance. Besides, especially, the MOCDTA possesses low supply voltage and wide frequency characteristics. Fig. 3(d) shows the detail configuration.
In Fig. 3(d) , the OTC1 with a polysilicon resistor R poly that consist of the current gain circuit realizes the current gain function, and the current gain Ka introduced in (17) could be defined as
where, α is proportional to the ratio of doping density to thickness of the polysilicon, (W/L) Rpoly is the width to length ratio of the transistor polysilicon resistor R poly , g ma is transconductance of the OTC1. The resistor R poly could be realized by MOS transistors in triode region or diode-connected MOS transistors. With (18) and (23), the main ports characteristics of MOCDTA could be rewritten as
4 THE PROPOSED POLYPHASE FILTER
Realization of the polyphase filter
The structure of the proposed first polyphase filter is shown in Fig. 4(a) . From the Fig. 4(a) , we can get the relation between I P and I O in I-path, which could be written as
where g m1 is the transconductance of MOCDTA1. Likewise, Q O and Q P of the Q-path has the same relation. According to (27) , each path performs a low-pass filter, and the polyphase filter could be realized by the crosscoupling of the two low-pass filter. The cut-off frequency of low-pass filters in each path could be gotten as 0.
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-60. where ω 01 and ω 02 are the cut-off frequencies of low-pass in two paths. In Fig. 4(a) , the feedback coefficient ω C /ω 0 between two paths could be got. They are written as
where ω C1 /ω 01 is the feedback from AX-of Q-path to I-path, and ω C2 /ω 02 is the feedback from AX+ of I-path to Q-path.
From Fig. 1(c) , the input and output matrix could be written by
Substituting (28) and (29) in (30), we can rewrite (30) as
(32) where α P = 1−−ε P , ε P (|ε P | ≪ 1 ) denotes the current tracking error from ports P to Z; α N = 1 − ε N , ε N (|ε N | ≪ 1 ) denotes the current tracking error from ports N to Z. β is the transconductance inaccuracy factor from ports Z to X. µ 2 and µ 1 is the inaccuracy factors from ports AX± to Z.
The (31) could be rewritten by
The transfer function H 1p and the mismatch function H 1m have been defined in [11] , which are written as
where A 11 , A 12 , A 21 , and A 22 are the elements of the matrix A. In ideal polyphase filter, there are C 1 = C 2 = C , g m1 = g m2 = g m , and Ka 1 = Ka 2 = Ka. The transfer function H 1p is written as
The mismatch function H 1m could be written as
With ideal conditions α N 1 = α N 2 = α P 1 = α P 2 = 1 , β 1 = β 2 = 1 , and µ 1 = µ 2 = 1 , the transfer function H 1p could be simplified into
and the mismatch function H 1m could be simplified into H 1mi , which could be written as: H 1mi = 0 . (41) Substituting (40) in (3), the IRR of the proposed first polyphase filter is written by
according to the (42), the IRR at frequency ω C could be get, which is written as
so, the IRR could be adjusted by Ka with constant ω 0 . This is to say, the IRR and cut-off frequency could be adjusted independently. According to (28) and (29), in the ideal condition, ω C could be tuned in wide range with constant ω 0 through adjusting Ka. The quality factor Q of the filter is ω C /2ω 0 which is equal to Ka/2 , it would be influenced by temperature due to transconductance g ma according to (25) , and the relation between transconductance and temperature is introduced in Sec. 3.2.
According to Fig. 4(a) , the input impedance of the polyphase filter is R P,N //R X . Because of R X ≫ R P,N , the input impedance could be R P,N which is very low. Besides, the output impedance is R X which is very high. Based on above two points, the polyphase filter is suitable to connecting to external circuits.
Analysis with parasitic parameters
The following of non-ideal characteristics are discussed from the perspectives of parasitics. The simplified equivalent circuit of the non-ideal MOCDTA model is shown in Fig. 4(b) .
As the Fig. 4(b) depicts, there are parasitic resistances (R P and R N ) at input terminals P and N, and parasitic resistances and capacitors (R Z , C Z , R X , C X , and R Xa , C Xa ) from terminal Z, X± , and Xa± to ground. In order to simplify the discussion, the parasitic impedances at terminals of MOCDTA1 are taken to be same with the ones at corresponding terminals of MOCDTA2. Considering the parasitic parameters, the transfer function of the polyphase filter would be rewritten by
where 0.
-10. 
2.
10.
Fig. 8. The impedance of the proposed filter: (a) -input impedance; (b) -output impedance
It is easily observed that the parasitic capacitors C Z could be absorbed into the external capacitor C and the parasitic resistor R Z at terminal Z would change the type of the impedance which should be of a purely capacitive character. Besides, according to (44), the magnitude of the amplitude-frequency response' apex would not be 1 (0 dB) whose value is written as
The cut-off frequency and centre frequency could be rewritten by
So, both the centre frequency ω C and cut-off frequency ω 0 are affected by the parasitic parameters, and a good design for MOCDTA is necessary.
The sensitivities of the curt-off frequency ω 0 to the non-idealities and external components are gotten by
RXa,CXa,RP ,Ka,µ = 0
So S ω0 RN ,CX ,RX < 1 .
With the same analysis, the sensitivities of the centre frequency ω C to the non-idealities and external components are written by 
Harmonic distortion of the proposed polyphase filter
The proposed polyphase filter is comprised of two MOCDTAs which would product harmonic distortion. As previously depicted, CDC and OTC is made up of MOCDTA. In CDC, due to the negative feedback in two input stages that achieved by M N 0 , M N 5 and M N 6 , M N 13 , the harmonic distortion is dampened to some extent. Moreover, the low-pass response (band-pass response is obtained as considering the feedback between two paths), achieved due to the process that current signal I Z = I P − I X from CDC pass through the external capacitor and OTC, would filter the harmonic generated by CDC. So, the OTC impacts the nonlinearity of MOCDTA mainly. The OTC consists of transconductance portion and cascade current mirror portion. As (23) shows, the good linearity between the differential output current and the input voltage in the transconductance portions could be got, which means the nonlinearity influenced by the cascade current mirror portion need to be considered mainly.
Let us consider the output stage of OTC which is comprised of cascade current mirror portion. We could assume a sinusoidal input current i in = I M sin(ωt), and the output current can be expressed as
where a 0 is an offset current and a 1 is the mirror ratios since around the quiescent point is ∆i A1 = −∆i B1 = i in /2 . a 2 and a 3 are mirror efficient for the second-order and third-order harmonic, and the approach to calculating a 2 and a 3 is proposed in [38] . Taking the derivative of i out with respect to i in , evaluated at the maximum and minimum input signal (+I M and −I M ), HD 2 and HD 3 are given by
where I Q is the quiescent current of the output branch. The output stage of OTC is shown in Fig. 4(c) separately. Without loss of generality, we just consider the n-type cascade mirror MA (M A1 − M A3 ), and assume transistors M A1 − M A3 to be ideally matched and to have the same transconductance gain. The V GA could be given by
where I Q is the quiescent current, 
where λ ? is the channel-length modulation coefficient. Besides, there is
so, we can get
Following the same steps for the p-type current mirror M B1 − M B3 , and assuming the transconductance gain to be equal for both current mirrors (ie K N = K P = K ). Substituting (60) into (55) and (56), we can get
so, harmonic distortion HD 3 and HD 2 depend on the relative magnitude of the input signal and λ N and λ P . With ideally matched transistors and equal transconductance gain, the harmonic distortion HD 2 could be very low. So, third-order harmonic distortion HD 3 is the dominant contribution, and we can reduce it by increasing the transconductance gain and the channel length of the transistors. 
Simulation of MOCDTA
The whole proposed circuits have been simulated by Spectre Simulation in CHRT 0.18 µm standard CMOS process. The supply voltage are V DD = −V SS = 0.8 V, and the bias current used in CDC is I BB = 100 uA. The value of the polysilicon resistor R poly is 3.2 kΩ.
The DC transfer characteristic of MOCDTA which is given in Fig. 5(a) shows a very good performance. In Fig. 5(a) , when the I P − I N changes from −100 uA to 100 uA with V C changes from 0 V to 800 mV and V Ca = 0.2 V (Ka = 1 ), the X ports current I X and AX ports current I Xa be varied linearly. (R Z = 1.5 K).
Figure 5(b) shows the variation range of transconductance of the MOCDTA. When V C changed from 0.1 V to 0.8 V, the transconductance from port Z to port X± of MOCDTA vary linearly in two ranges which are from 1.33 mS to 509 µS and from 509 µS to 206 µS.
For the study of the circuit's harmonic distortion under different amplitude input signals, circuit's total harmonic distortion (THD) figure (sinusoidal current at 10 kHz as input signal, it amplitude changes within the range from 5 µA to 75 µA) is shown in Fig. 5(c) . It is easy to know that the circuit's THD is less than 3 % when current does not exceed 35 µA.
Figures 6(a) and 6(b) depict the AC transfer characteristics of MOCDTA. During the simulation, the external resistance at Z port is R Z = 1.5 K, external bias voltages are V C = 0.5 V for the first OTC and V Ca = 0.2 V for the second OTC. In Figs. 6(a) and 6(b), the current transfer ratios α P , α N and transconductance g m for the first OTC and g ma for the second OTC are found to be 1.02, 1.002, 672 µS, and 310 µS. When the frequency is over 853 MHz, the amplitudes of these responses reduce over −3 dB. Figure 6 (c) illustrates the low input impedance of MOCDTA, and Fig. 6(d) denotes the high output impedance of MOCDTA. In Fig. 6(c) , the impedance of the input ports P and N are both 31.2 Ω. It is clear that the output impedance of ports X± and Xa± are both 9.1 MΩ and the one of ports Z is 4.28 MΩ in Fig. 6(d) .
Simulation of the polyphase filter
With ±0.8 V supply, the proposed polyphase filter has been simulated. It has been designed with C 1 = C 2 = Output noise (nA/ÖHz) 8 0.
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Frequency (Hz) Fig. 7(a) , and the amplitude-frequency response near −ω C is shown in the upper right of Fig. 7(a) . In Fig. 7(a) , the centre frequency of the polyphase filter could be 114 MHz. The bandwidths are obtained with 11.1 MHz. The filter could achieve 0.7 dB gain at ω C , and achieve −30.9 dB gain at −ω C . So, the IRR is obtained with 31.6 dB. In Fig. 7(b) , it is observed that the output signals possess 90-degs phase difference as input signals.
The amplitude-frequency response of low-pass filter in I-path or Q-path without the feedback between I-path and Q-path is shown in Fig. 7(c) , and their bandwidths are both 5.8 MHz which are almost half of the bandwidth of polyphase filter. It means that the low-pass amplitudefrequency response in Fig. 7(c) is shifted as band-pass amplitude-frequency response in Fig. 7(a) by the crosscoupling.
With C 1 = C 2 = 2.5 pF, V C = 210 mV, and V Ca changes from 100 mV to 800 mV by 50 mV, the amplitude-frequency responses is shown in Fig. 7(d) . It is clear that the centre frequency could be tuned from 38 MHz to 150 MHz. During the change, the IRR and the centre frequency are increasing meanwhile the bandwidths keep 20.1 MHz.
The proposed filter possesses low input impedance and high output impedance which are shown in Fig. 8 . In Fig. 8(a) and Fig. 8(b) , it is observed that the input impedance and output impedance are almost equal to the ones of MOCDTA.
The bandwidth and center frequency have been operated by Monte-carlo analysis which consider process and mismatch. There are 100 samples per each analysis. The analysis results are shown in Fig. 9 . In Fig. 9 , the average of bandwidth is 20.8 MHz, and its mean-square deviation is 559.0 KHz. So the deviation range is 2.7 %. The average of center frequency is 114.4 MHz, and its mean-square deviation is 1.1 MHz. The deviation range is 0.097 %.
The output noise is concerned, and the simulation results are shown in Fig. 10 . The results show that the output noise presents a low value over the entire passband. The output noises of the filter are both 5.56 pA/sqrt(Hz) at 114 MHz, So, the output noise is even lower within the bandwidth.
Compared with the polyphase filter using the OTA, the polyphase filter using MOCDTA has advantages in working at the high centre frequency. In terms of the IRR and bandwidth, we can find that the proposed firstorder polyphase filter is comparable with other high-order polyphase filters. Table 1 includes the comparison with recent polyphase filters using other components. It can be seen that the structure of the proposed filter are less complicated than the ones of the others in Table 1 meanwhile the proposed filter could obtain comparable IRR with low supply voltage. Besides, the centre frequency of the proposed filter is higher than others' one.
CONCLUSION
In this paper, two new active current-mode polyphase filters were presented. The proposed filter has following advantages. The first, the proposed polyphase filter whose structure is simple just is comprised of two MOCDTAs and two capacitors. The second, this filter can work at a high frequency without a complicated circuit whose centre frequency vary from 38 MHz to 150 MHz by adjusting external bias voltage V Ca . The third, the proposed filter possesses low input impedance and high output impedance which is suitable for cascade. The forth, all capacitors are grounded which is fit for IC technology. The fifth, the bandwidth and centre frequency could be adjusted independently by external bias voltage V C and V Ca . The above properties have been well verified by the simulation.
